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ABSTRACT 
Interactions between natural populations of Anabaena spiroides 
and Fragilaria crotonensis were studied under varying concentrations 
3 
of iron, manganese, and silicon. A 2 factorial was employed first as 
2 
a general survey, followed by a 2 factorial studying iron and silicon 
more intensively. Iron concentrations significantly affected the 
growth of both Fragilaria and Anabaena, growing alone and together. 
Silicon concentrations affected the growth of Fragilaria growing alone 
and in the presence of Anabaena. Silicon may be a required nutrient 
for Anabaena growing alone but was not required for Anabaena growing 
in the presence of Fragilaria. This suggested the possibility of an 
interaction between the two algae in the presence of silicon. 
Anabaena demonstrated a time-dependent uptake of silicon, indicating 
this alga may be a poor bioassay organism. No significant interactions 
among nutrients were discerned. 
1 
INTRODUCTION 
Although algal nutrient studies have been reported in the 
literature for many years, there still remain several major areas 
of controversy. These include single nutrient vs^multi-nutrient 
interactive effects (Allen, 1972; Carter and Cameron, 1973; 
Glooschenko and Alvis, 1973; Goldman, 1972; Reed, 1978; Rosko and 
Rachlin, 1975), single species v^ multi-species interactive effects 
(Parley et al., 1979; Elbrachter, 1976; Fedorov and Kustenko, 1972; 
Lane and Levins, 1977; Wetzel, 1965), and use of uni-algal, 
bacterized cultures vs^ axenic cultures as bioassay organisms (Ahlgren, 
1977; Giesy, 1976; Lewin and Mackas, 1972; Mayfield and Inniss, 1978; 
Paasche, 1973). 
The objectives of this research include the following: 
(a) evaluation of the suitability of Anabaena spiroides and 
Fragilaria crotonensis as bioassay organisms, (b) determination of 
the effects on algal growth of deleting iron, manganese, and/or 
silicon, and (c) investigation of possible interactions among the 
nutrients studied and/or interactions between the two algae. 
2 
LITERATURE REVIEW 
There are several books describing essential nutrients and 
effects on algal populations when these nutrients are either limiting 
or abundant (Fogg, 1975; Lewin, 1962; Stewart, 1974; Werner, 1977b). 
Cultural eutrophication results from an excess of nutrients, 
especially phosphorus, but there is some disagreement as to whether 
carbon dioxide also is involved (Kuentzel, 1969; Lange, 1970a; 
Lange, 1970b; Lange, 1973; Schelske, 1979; Schindler et al., 1978). 
Studies of the effects of deprivation of major nutrients, such as 
phosphorus, nitrogen, and magnesium are plentiful, but the trace 
elements which are required in very small concentrations have been 
less well-studied. The individual effects of low concentrations of 
iron, manganese, or silicon have been studied, but there are no 
studies utilizing all three together in an interactive study. 
Iron is the fourth most abundant element on Earth, but because of 
its extremely low solubility constant (10 M at 25 C), it is 
practically insoluble in most epilimnetic and neritic bodies of water 
(Lankford, 1973; Neilands, 1974; Stumm and Morgan, 1970; Wetzel, 1975). 
However, large concentrations of iron can be found in its reduced state, 
Fe(0H)2, in the hypolimnion (Stumm and Lee, 1960). Allan and Williams 
(1978) reported a rapid reduction of iron with sediment depth and 
attributed this phenomenon to migration of the iron to the sediment-
surface interface. Schelske et al. (1962) noted that a further 
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intensifying of iron in the hypolimnion resulted from a settling of 
iron as detritus (particulate and organismal) from the epilimnion. 
In spite of these chemical and physical phenomena, iron is still 
found, albeit in very low concentrations, in the epilimnion (Kremling 
and Petersen, 1978; Vuceta and Morgan, 1978). In Lake Ontario, iron 
ranged from 3.5-8.0 yg-l (Chau et al., 1970). Lange (1971) found 
the iron in Lake Erie to range from less than 0.01 to 0.20 mg-1 ^. 
In prairie lakes, Driver and Peden (1977) found that total dissolved 
iron ranged from 5-630 yg*l . In Lake Tahoe, dissolved iron ranged 
-1 -1 from 2-24 yg*l and particulate iron ranged from 16-213 pg'l (Elder 
et al., 1976). Elder (1977) attributed the diel variation in iron 
to a direct relationship between algal uptake and an iron cycle. 
The most important diel activity for algae is photosynthesis, but 
iron is also known to be required for heme proteins and certain 
enzymes, such as NADH dehydrogenase and succinate dehydrogenase. 
f 4» Is ^ ^ J ^ ^  ^ 4-4. JL. w && jL.Lt L, .È.O iiw u c&a 
previously noted, iron is required for algal growth (Feuillade and 
Feuillade, 1976; Light and Clegg, 1974; O'Kelley, 1974), In terms 
of sensitivity to iron deprivation, blue-green algae seem to be more 
sensitive than other phyla (Elder and Home, 1977; Morton and Lee, 
1974). Many researchers have reported clear correlations between 
iron concentrations and algal growth (Clasen and Bernhardt, 1974; 
Glover, 1977; Glover, 1978; Hayward, 1968; Javornicky et al., 1973; 
Lange, 1974a; Menzel and Ryther, 1961; Murphy e^ , 1976; Pirt and 
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Walach, 1978; Ryther, 1961). There have also been numerous studies 
of the intracellular iron concentrations in several different phyla, 
with the concentrations being in the yg*l ~ range (Eyster, 1978; 
Gerloff and Skoog, 1957; Jurajda, 1974; Udel'nova e^ , 1974; 
Walker, 1954). Paredes and Schmidt (1977) noted that a Chlorella sp. 
took up less iron In the exponential phase than in the lag phase, 
and Kale e^ al. (1973) reported that iron deficiencies resulted in a 
90% reduction in heterocyst formation in Anabaena ambigua. 
Since it has been established that iron is practically insoluble 
in most epilimnetic waters, how, then, can iron be available in 
adequate concentrations to allow algal growth? The answer, apparently, 
is chelation of the iron with either inorganic particles or organic 
compounds released by the algae. This relationship has been 
intensively studied and has been found to be complex. Many bodies 
of water have been found to support greater growth if either inorganic 
iron or a chelator is provided (Akiyama, 1973; Allen, 1971; Allen and 
Ocevski, 1977; Barber, 1973; Burns and Nriagu, 1976; Eng-Wilmot and 
Martin, 1978; Fukase et al., 1978; Lewin and Chen, 1971; Murphy and 
Lean, 1975; Perdue et , 1976; Schelske, 1962; White and Payne, 1977). 
There are two major theories as to the method by which algae 
acquire iron and both probably are correct, depending on the algae 
and their microenvironment. Bagnyuk et al. (1976) reported certain 
algae can precipitate iron as a hydroxide on the cell wall and then 
directly take it in. A more common belief (Armstrong and Van Baalen, 
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1979; Caldwell, 1977; Emery, 1974; Estep e^ , 1975; Evans et al., 
1977; Gibson and Magrath, 1969; Gonye and Carpenter, 1974; Haydon et al., 
1973; Murphy and Lean, 1975; Murphy et al., 1976; Neilands, 1974; 
Simpson and Neilands, 1976) is that specific iron-chelating compounds 
(siderochromes or siderophores) are released and then re-acquired 
by the algae after chelation, utilizing elaborate transport systems 
to move the iron across the cell membrane. These siderochromes are 
most commonly found in the prokaryotes, but there is some evidence 
(Armstrong and Van Baalen, 1979) that they are found in certain 
eukaryotic algae as well. In addition to these iron-specific 
compounds, Fogg (1952) and Walsby (1974) have implicated certain 
extracellular nitrogenous compounds as iron chelators in the medium 
and this could represent an alternative method of iron acquisition 
for those algae lacking the potential to produce and secrete 
siderochromes. 
Manganese 
Manganese is a ubiquitous element, amounting to 10% of the 
Earth's crust but only 1% of the lithosphere (Nakhshina, 1975). The 
sources of manganese in freshwater include runoff (surface and ground), 
urarisformatioii by bacteria, and 1 caching of terrestrial material 
(Pojasek and Zajicek, 1978). The solubility of rhodochrosite (MnCO^) 
is presumed to regulate manganous ion concentration in terrestrial 
waters (Wilson, 1978). Graham et al. (1976), in a study of manganese 
in Narragansett Bay, reported the concentration of manganese in 
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bottom waters to be higher than in surface waters. They also noted 
that manganese in the bay was predominately in particulate form, 
while the rivers leading into the bay contained mostly dissolved 
manganese. Kremling and Petersen (1978) also noted greater concentra­
tions near the sediments and attributed this to a steady diffusion 
from the sediments. Manganese was reported to average ca. 0.5 yg*l 
in Lake Ontario (Chau e^ a]^., 1970) and averaged 2.0 yg-l ^ in 
southern California seawater (Morel et al., 1975). 
Hopkins (1930) was the first to implicate manganese as an 
essential nutrient for algae. Manganese functions as the heavy metal 
component of some enzymes and is a requisite part of Photosystem II 
(Hall et al., 1976; Rabinowitch and Govindgee, 1969). As is the case 
with iron, the intracellular concentration of manganese for algae is 
-1  in the yg*l range (Eyster, 1978; Udel'nova et al., 1974; Walker, 
1954). 
Manganese has been implicated by numerous researchers as a 
potentially limiting nutrient (Barber, 1973; Masiin and Boles, 1978; 
Salageanu, 1973; Wettern e^ , 1976; White and Payne, 1977). 
Christensen ^  al. (1979) noted a synergistic interaction between 
manganese and copper and an antagonistic one between manganese and 
lead. In another study, manganese was found to be antagonistic 
toward both iron and calcium (Gerloff and Skoog, 1957). Nakhshina 
(1975) noted that diatoms were least sensitive and blue-green algae 
most sensitive to manganese deficiencies. Patrick (1969) reported 
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that blue-green algae will take over a diatom community if the 
manganese concentration is at least 40 vg-l ^. Shapiro and Glass 
(1975), in a study of Lake Superior algae, found that natural 
populations had a far greater response to combined manganese and 
phosphate than to either one alone. In studying manganese uptake by 
a green alga, Kwasnik et al. (1978) reported that uptake was 
significantly different at the four times tested (12, 24, 28, and 
72 hours). 
Silicon 
Silicon is one of the most common elements on Earth and 
apparently is an essential nutrient for only the diatoms and a few 
other algae with siliceous shells (Werner, 1977a). The relationship 
between silicon and diatoms has been heavily researched (Casterlin and 
Reynolds, 1977; Chung and Danforth, 1976; Dunstan and Tenore, 1974; 
Fedorov, 1973; Hamilton, 1969; Hooper-Reid and Robinson, 1978a; Jones, 
1977; Kilham, 1971; Lewin and Reimann, 1969; Moore, 1977; Moore and 
Traquair, 1976; Nicholls, 1976; Schelske and Stoermer, 1972; Tilman 
and Kilham, 1976; Titman, 1976). The effects on diatoms of silicon 
deprivation are varied but include lack of cell wall formation, 
blockage of cell division, and inhibition of DKA synthesis (Barley, 
1974; Eppley, 1977; Patrick, 1977). 
Tilman (1977) grew two diatom species together under differing 
phosphate and silicate concentrations and found that Cyclotella 
dominated when silicate was limiting and Asterionella dominated when 
8 
phosphate was limiting. Paasche (1973) and Nelson and Brand (1979) 
reported that cell division and silicate uptake were tightly coupled 
with time. 
Chelation 
The effect of chelation on the aquatic environment is profound. 
Chelation is similar to co-ordination bonding, with alteration of the 
properties of the metallic ion involved (Johnston, 1964). According 
to Saunders (1957), trace metal chelation may influence algae in 
several ways, including the following: (a) chelation may cause 
nutrient deprivation by tying up essential nutrients, (b) chelation 
may bring toxic concentrations to safe levels by reducing 
availability, and (c) chelation may pull elements into solution from 
a precipitated form. 
One of the few investigations on chelation as a cause of nutrient 
deprivation was that of Glooschenko and Moore (1975). They noted 
that additions of citrate to Lake Ontario waters resulted in decreases 
in algal growth. Researchers investigating the impact of chelation in 
ameliorating toxicity include Fogg and Westlake (1953), Jackson and 
Morgan (1978), Sridharan and Lee (1977), and Theis and Singer (1973). 
A far larger number of investigators, including Briand et al. (1978), 
Cooksey and Cooksey (1978), Jordan and Bender (1973), Lange (1970b), 
Lange (1974a), Prakash e^ al. (1973), Shapiro (1966), Shapiro (1967), 
Theis and Singer (1974), Wagner and Parker (1973), and Wilson (1978), 
have studied the effect of chelation on ionization (solubilization) 
of elements. 
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Several researchers noted that addition of chelators reduced 
the lag phase of algal growth (Barber, 1973; Eppley, 1977; Huntsman 
and Barber, 1975; Paasche, 1977). Bitton and Freihofer (1978) 
studied the effects of extracellular polysaccharides on several 
heavy metals and reported that the polysaccharides were much less 
effective in chelating cadmium than copper. Gardiner (1976) studied 
the chelation of ethylenediaminetetraacetic acid (EDTA) and trace 
metals and found the chelating capacity to be dependent on the 
concentration of all complexing ions available and the pH of the 
medium. 
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MATERIALS AND METHODS 
The two algae used for experimental purposes were Anabaena 
spiroides var. crassa Lemmermann, a blue-green alga (Cyanochloronta), 
and Fragilaria crotonensis, a diatom (Bacillariophyceae, 
Chrysophycophyta) (Bold and Wynne, 1978). Specimens of each were 
collected from Don Williams Lake, located 20 miles west and 10 miles 
north of Ames, Iowa. After both species were isolated and 
established in uni-algal, bacterized cultures, they were maintained 
in Zehnder-Gorham #11 (ZG-11) growth medium (Zehnder and Gorham, 
1960). 
The basic culture solution used in all experiments was a 
modified ZG-11 medium containing no iron, silicon, manganese, or 
ethylenediaminetetraacetic acid (EDTA) (Tevlin, 1978; Wong et al,, 
1978). Iron as FeCl^-GHgO, silicon as NaSi02*9H20, and manganese as 
MnSO,'4HnO were the test nutrients added as required in the 
4 i. 
experimental design. The constituents of the basic culture solution 
and test nutrients are listed in Tables 1 and 2. 
Each species was grown in Zehnder-Gorham #11 (ZG-11) medium 
(Zehnder and Gorham, 1960) at 24±2 C under 300 ft-c cool-white 
fluorescent light on a 16:8 hour light:dark cycle to determine 
growth curves. 
Polycarbonate flasks (500 ml) with cotton plugs were used for 
all experiments. All flasks, equipment, and culture solutions were 
autoclaved for 15 minutes under 15 psi pressure at 250 C and allowed 
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Table 1. Modified Zehnder-Gorham #11 (ZG-11) medium used as the basic 
culture solution to which test nutrients (Table 2) were 
added as required 
Nutrient 
Concentration 
(mg'l b 
Nutrient 
Concentration 
(mg-1 S 
NaNOg 
K2HPO4 
MgSO^.THgO 
CaClg-ZH^O 
Na^CO, 
Sodium citrate 
B(OH), 
ZnSO,.7H_0 
4 2 
CuSO^.SHgO 
r> _ \ <TT 
\_.u "^*-2 
496 
39 
75 
36 
20 
10.7 
0 . 2 0  
0.023 
0.007 
0.010 
N 
Na 
P 
K 
Mg 
S 
Ca 
CI 
C 
citrate 
TD 
Zn 
Mo 
Cu 
Co 
81.7 
152.4 
6.6 
17.5 
7.4 
9.8 
9 . 8  
2 0 . 0 2  
2 . 2 6  
10.7 
0.035 
0.0052 
0.0036 
0.0026 
0,0024 
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Table 2. Final concentrations of test nutrients for ail the 
percentages used in the factorial design 
Source of Concentration Test Concentration 
Test Nutrient (mg.l Nutrient (mg-1 
FeClg.SHgO 6.67 Fe 1.38 
NagSiOg'SHgO 58.63 Si 5.72 
MnSO^.AHgO 0.13 Mn 0.044 
Percentage/Nutrient (mg.l 
Fe Mn Si 
0% 
a 
-
-
1% 0.0138 0.00044 0.0572 
5% 0.069 0.0022 0.286 
10% 0.138 0.0044 0.572 
25% 0.345 0.011 1.43 
50% 0.690 0.022 2.86 
75% 1.035 0.033 4.29 
100% 1.38 0.044 5.72 
^There was a trace amount (ca. 0.005%) of iron present in the 
reagent chemicals, but the amount was negligible and was not 
included in any calculations. 
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to cool. The basic culture solution was filtered through 0.22 ym 
cellulose acetate filters. Double sterilization of the culture 
solution (autoclaving, then filtering) was employed because of the 
"Tyndall Effect" (Lange, 1971), which is the formation of a slight 
precipitate on cooling following autoclaving. Since there is a large 
excess of all nutrients in ZG-11, this slight loss by precipitation 
does not represent a nutritional problem. Difficulties could 
arise, however, when the test nutrients are added later, as the 
particulate material could act to chelate these test nutrients. 
Filtering the autoclaved culture solution before addition of the 
test nutrients eliminated this possibility. 
The algae from stock cultures to be used as inocula were washed 
three times by centrifugation with the autoclaved and filtered 
basic culture solution. Aliquots of algae suspended in basic culture 
solution were counted in triplicate, using a Palmer-Maloney 
nannoplankton cell (American Public Health Association, 1975). 
Volumes calculated to provide an approximate concentration of 9900 cells 
Anabaena per ml and/or 1000 cells Fragilaria per ml after dilution 
were added to each sterile polycarbonate flask. The appropriate 
concentrations of test nutrients were diluted to 100 ml with basic 
culture solution and added to the flask containing the algae. The 
placing of algae directly into the polycarbonate flasks was found to 
be the most reliable method of obtaining the proper initial algal 
concentration. During the first three weeks of the general survey, 
14 
trial runs were made to test several different procedures. Algal 
counts following initial incoulation were within the proper range 
when algae were inoculated directly into the flasks, but were far 
too erratic when the algae were first inoculated into graduated 
cylinders which then received the proper volumes of culture solution 
and test nutrients. The problem resulted from a large proportion of 
algae remaining on the sides of the graduated cylinder after the 
contents were poured into the flasks. With confirmation of accuracy 
on inoculation directly into the flasks, the need to perform initial 
counts during the general survey was eliminated. 
Flasks were placed randomly within the growth chamber, shaken 
daily, and rotated periodically to minimize any variation in 
illumination. All cultures were incubated at 24±2 C under 300 ft-c 
on a 16:8 hour light:dark cycle. After three weeks, aliquots were 
removed and the algae were counted in triplicate. 
All expei:iuiêûLâl tuua were performed wich either two or three 
replicates and all experiments were duplicated. The experimental 
design used in this research was a 2^ factorial design, as 
discussed in Steel and Torrie (1960) and Cochran and Cox (1957). 
3 2 3 
Both 2 and 2 factorial designs were used. The 2 factorial 
employed iron (F,f), manganese (M,m), and silicon (S,s); with two 
2 
replicates per treatment, while the 2 factorial employed iron and 
silicon only, with three replicates per treatment. The capital 
letter represents the high concentration of the nutrient (100% of 
that used in ZG-11) and the lower case letter represents the low 
15 
concentration (either 0%, 1%, 5%, 10%, 25%, 50%, or 75% of that used 
in ZG-11). 
3 
The expanded 2 factorial is as follows: fms, PmS, FMs, fMS, 
Fms, fmS, fMs, and FMS. The main effects (results of the factorial 
analysis) are Fe, Mn, Fe*Mn, Si, Fe*Si, Mn*Si, and Fe*Mn*Si. Steel 
and Torrie (1960) may be consulted for the computations required to 
determine main effects from treatments. As an example, the main 
effect, or treatment result, for iron is 
Fe = 3%((Fms+FmS+FMs+FMS) - (fms+fmS+fMs+fMS)). 
2 
The expanded 2 factorial is as follows: fs, Fs, fS, and FS. The 
main effects are Fe, Si, and Fe*Si. 
In order for an effect to be significant, there must be a 
significant difference in growth at a level determined by the 
investigator (usually P<0.05) between the low and high final 
concentrations of the nutrient(s) in question. An interaction is 
• - • r • •- ' r . cr. _ j- i SXgUJ.1.xcaiiL XI Lilt: eixecLS cue iiuu jLiiucpciiuciiu uj. caun ot-iicj. • rxxx 
analyses were performed using the ANOVA procedure as discussed in 
the Statistical Analysis System (Barr et al., 1976). 
3 
The 2 factorial had to be modified greatly because of the effect 
of the time involved in performing counts of algae. As a result, each 
duplicate had to be broken into two groups and performed on separate 
days. This confounded the analysis, resulting in the loss of the 
Fe*Nn*Si effect and the addition of a day, or C(D), term. Analyzing 
the two duplicates together further complicated the results. 
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resulting in the addition of the terms D, Fe*D, Mn*D, Si*D, Fe*Mn*D, 
Fe*Si*D, and Mn*Si*D. Lastly, the counts were normalized by 
transforming to the log scale (Bagenal, 1955; Hooper-Reid and 
Robinson, 1978b). As a result the model used is as follows: 
log^Q Y = f (Fe, Mn, Fe*Mn, Si, Fe^Si, Mn*Si, D, C(D), Fe*D, Mn*D, 
Fe*MnAD, Si*D, Fe*Si*D, Mn*Si*D). 
As mentioned earlier, the most common measure of significance is 
P<0.05. This term implies that a difference is significant if its 
probability of occurring randomly is 5% or less. The large number 
3 
of effects (results) possible in the model for the 2 factorial 
greatly increases the chances that a non-significant effect might 
appear significant at the 5% level. To decrease the likelihood of 
this occurrence, more stringent significance levels were employed, 
i.e., 0.05/14 = 0.0036 or P<0.0036. 
2 
The 2 factorial was much more precise, since each duplicate 
was perroimed in ùriê day and three replicates were used instead of 
tvjD. In this experiment the high concentration was 100% and the 
low concentration was 5%; the duplicates were analyzed Independently 
and together. When analyzed together, the Fe*Si interaction was 
lost and replaced by D. The models used are as follows: 
log^Q Y = f(Fe, Si, Fe*Si) and log^^ Y = f(Fe, Si, D). For these 
models, in light of the smaller number of effects and the use of three 
replicates, it was deemed appropriate to utilize the commonly used 
level of significance (P<0.05). 
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RESULTS 
Monitoring Growth of Anabaena and Fragilaria 
There are several different methods available to determine algal 
concentrations, such as chlorophyll a^ determinations, enumeration 
by counts, and turbidity (optical density) measurements (Ryther, 
1951), but in this research with two species growing together, the 
only way to accurately measure algal concentrations of each species 
was by counts. The enumeration of a filamentous blue-green algae 
such as Anabaena is much more difficult and less accurate than is the 
counting of a uni-cellular alga (Hamilton, 1969; Lin, 1972; 
Payne, 1975; "White and Payne, 1977) because of the amount of time 
involved in viewing and the difficulty in obtaining a homogeneous 
sample of the culture. These problems were ameliorated by careful 
attention to consistent application of sampling and counting 
procedures throughout the research. 
Growth Curves for Fragilaria and Anabaena 
Preliminary research involved determining growth curves for the 
two algae to establish a suitable time frame for the nutrient 
experiments that followed (Tables 3 and 4; Figure 1). It should be 
noted that the diatom reached a plateau after 16-19 days while the 
blue-green alga had not yet reached its plateau after 33 days. Based 
on these data, a 21-day period was employed in all subsequent 
nutrient studies. This period was deemed to be a suitable compromise 
between the two curves. It is of interest that both populations 
Table 3. Growth of Fragilaria crotonensls In ZG-11 medium (cells-ml ^ 
Day/Replicate 12 3 4 5 Mean ± S.D. 
0 3240 2160 4320 2160 4320 3.24E3 + 1.1E3 
2 1080 1080 2160 1080 1080 1.30E3 + 4.8E2 
5 7560 4320 5400 1080 2160 4.10E3 + 2.6E3 
7 6480 23760 9720 4320 9720 1.08E4 + 7.6E3 
9 45360 37ÏS00 24840 11880 25920 2.90E4 + 1.3E4 
12 239400 266000 246050 59850 99750 1.&2E5 ± 9.5E4 
14 418950 472150 452200 159600 339150 3.68E5 ± 1.3E5 
16 412300 478800 478800 285950 518700 4.35E5 ± 9.2E4 
19 372400 551950 545300 525350 452200 4.89E5 ± 7.6E4 
21 352450 2793 00 565250 498750 704900 4.80E5 ± 1.7E5 
23 385700 551950 618450 638400 711550 5.81E5 ± 1.2E5 
26 352450 478800 478800 558600 744800 5.23E5 ± 1.4E5 
31 319200 458850 678300 299250 638400 4.79E5 ± 1.8E5 
^Each algal concentration represents the average of three counts. 
Table 4. Growth of Anabaena spiroidee in ZG-11 medium (c.ells*ml 1)^ 
Day/Replicate 1 2 3 4 5 Mean ± S.D. 
0 12960 2802 0 34560 24840 23760 2.48E4 + 7.9 
2 5400 5400 5400 6480 8640 6.26E3 + 1.4 
4 5400 3240 5400 5400 7560 5.40E3 + 1.5 
7 8640 2160 33480 14040 7560 1.32E4 + 1.2 
9 49680 51840 37800 83160 25970 4.97E4 + 2.1 
11 75600 77760 56160 120960 124200 9.09E4 + 3.0 
14 658350 212800 133000 884450 252700 4.28E5 + 3.3 
16 492100 458850 152950 605150 1609300 6.64E5 + 5.5 
18 764750 6118C0 671650 1376550 1296750 9.44E5 + 3.6 
21 1582700 1562750 1376550 2759750 2427250 1.94E6 + 6.1 
23 2633400 2507050 2779700 3105550 4369050 3.08E6 + 7.6 
25 3251850 2660000 3876950 4595150 4535300 3.78E6 + 8.3 
28 3956750 4149600 5539450 6011600 6217750 5.18E6 + 1.1 
33 6603450 5685750 7780500 9336600 9955050 7.87E6 + 1.8 
^Each concentration represents the average of three counts. 
10 
10' I/' 
E 
« 
to 
"w 
C_5 
10 
A 
9 
T/1 
u 
A 
A n  a b a  e n  ( I  
10 
I I I 1 1 L 
5  1 0  1 5  2 0  2 5  3 0  3 5  
10' 
10^ 
10* 
10' 
10' 
T/ 
T 
/ 
l/ 
• -4 
K/i 
-1 
F r a g i l a r i  a  
t I I I I 1 i— 
5  1 0  1 5  2 0  2 5  3 0  3 5  
Days 
hO 
O 
Figure 1. Gro^rth curves for Anabaena splroldes and Fragllarla crotonensls cultured In 
Zehnder-Gorham #11 medium 
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decreased after the initial inoculation, then began exponential 
growth. This phenomenon was also reported by Davies (1970), 
Mickelson et (1979), Reed (1978), and Zehnder and Gorham 
(1960). 
Fragilaria-Anabaena Nutrient Studies 
The first series of experiments was long (21 weeks) and complex. 
It involved two species of algae, grown alone and together, and three 
different nutrients, tested at six different concentrations. Table 5 
lists the final algal concentrations for Fragilaria, and Table 6 lists 
the probabilities of a random difference occurring. The only 
outstanding, non-ambiguous response was the dependency of Fragilaria 
on silicon. There were several other significant effects 
(P<0.0036), but none of these suggested a trend. There were no 
2 
significant interactions. The R terms were consistently very high, 
indicating the model fit was excellent. 
Table 7 lists the final concentrations of Anabaena, and Table 8 
lists the probabilities of a random difference occurring. In this 
case, the one significant trend was the need of Anabaena for iron. 
There were several other isolated significant effects but no other 
2 
significant trends. The R^ terms were very high at the lower 
comparisons but decreased rapidly, reaching 0.76 at 10/100% and 
0.56 at 25/100%. 
Table 9 lists the final concentrations of Fragilaria grown in 
the presence of Anabaena, and Table 10 lists the probabilities of a 
Table 5. Growth of Fragliarla (cells-ml under varying concentrations of Iron, manganese, 
and silicon 
Low/High^ Block^ fms^ FmS FMs fMS Fms fmS fMS FMS 
0/100 A 79800 305900 46440 465500 33480 199500 36720 345800 
66500 432250 49680 325850 25920 305900 31320 339150 
B 46550 172900 29160 79800 26600 259350 21600 259350 
39900 465500 18360 106400 17280 212800 25920 152950 
1/100 A 22680 279300 39900 332500 46550 266000 35640 279300 
43200 412300 33250 146300 39900 279300 41040 352450 
B 73150 252700 39900 129650 33250 166250 26600 166250 
66500 319200 93100 119700 53200 73150 39900 266125 
5/100 A 79800 339150 106400 465500 73150 239400 39900 292600 
86450 339150 93100 332500 39900 285950 59850 266000 
B 66500 345800 292600 312550 73150 212800 79800 246050 
59850 186200 232750 179550 26600 292600 53200 279300 
10/100 A 86450 432250 46550 133000 46550 392350 86450 312550 
99750 452200 126350 186200 66500 212800 113050 292600 
B 106400 246050 139650 385700 59850 192850 73150 279300 
119700 319200 146300 352450 73150 345800 79800 392350 
25/100 A 93100 285950 133000 345800 93100 372400 159600 365750 
119700 266000 79800 365750 113050 332500 106400 452200 
B 106400 372400 206150 292600 73150 372400 93100 418950 
106400 319200 126350 379050 93100 352450 352450 312550 
^Ratio of percentage of low concentration of nutrient(s) to percentage of high 
concentration of nutrient(s). 
^Two replicates per block per factorial. 
^Lower case letter—low concentration; capital letter—high concentration. 
Table 6. Treatment effects^ for Fragllarla under varying concentrations of iron. 
manganese, and silicon 
0/100% 1/100% 5/100% 10/100% 25/100% 
Fe 0.94 0.02 0.13 0.63 0.76 
Mn 0.04 0.39 0.02 0.70 0.03 
Fe*Mn 0,02 0.62 0.01 0.07 0.08 
Si 0.0001 0.0001 0.0001 0.0001 0.0001 
Fe*Sl 0.01 0.09 0.14 0.04 0.97 
Mn*Sl 0.90 0.91 0.06 0.13 0.35 
D 0.0001 0.33 0.88 0.16 0.86 
C(D) 0.02 0.07 0.003 0.07 0.14 
Fe*D 0.50 0.43 0.27 0.75 0.29 
Mn*D 0.02 0.74 0.09 0.07 0.98 
Fe*Mn*D 0.51 0.32 0.14 0.53 0.24 
Si*D 0.66 0.003 0.06 0.64 0.94 
Fe*Si*D 0.28 0.28 0.52 0.02 0.59 
Mn*Si*D 0.08 0.57 0.03 0.06 0.12 
0.0001 0.0001 0.0001 0.0001 0.0001 
0.97 0.94 0.93 0.93 0.95 
^P<0.0036. 
Table 7. Growth of Anabaena (cells•ml under varying concentrations of iron, manganese, and 
silicon 
Low/High^ Block^ fms^ FmS FMs fMS Fms fmS fMs FMS 
0/100 A 65880 844550 684950 131760 359100 144720 87480 1143800 
85320 438900 405650 50760 724850 20520 52920 1556100 
B 23760 512050 1383200 35640 1489600 37800 38880 1968400 
25920 458850 1303400 19440 1635900 5400 27000 1675800 
1/100 A 20520 139650 24800 11880 179550 34560 27000 139650 
30240 106400 60480 23760 232750 23760 38880 166250 
B 73440 478800 1117200 39960 178200 96120 70200 1855350 
45360 1476300 970900 104760 477360 74520 49680 1423100 
5/100 A 38880 658350 432250 7560 219450 24840 55080 631750 
5400 518700 201650 34560 312550 59400 21600 1629250 
B 78840 571900 1197000 79920 438900 46400 50760 897750 
57240 598500 432250 105840 944300 56160 36720 658350 
10/100 A 1080 385700 285950 93960 78840 162000 23760 292600 
47520 266000 305900 71280 90720 79920 25920 438900 
B 1080 186200 252700 172900 112320 31320 30240 179550 
23760 172760 332500 12960 145800 82080 29160 159600 
25/100 A 126350 259350 252700 192850 166250 126350 99750 232750 
106400 239400 186200 266000 212800 126350 113050 246050 
B 6650 172900 279300 179550 206150 26600 212800 179550 
146300 139650 299250 172900 93100 66500 8640 152950 
^Ratio of percentage of low concentration of nutrient(s) to percentage of high 
concentration of nutrient(s). 
^Two replicates per block per factorial. 
''Lower case letter—low concentration; capital letter—high concentration. 
Table 8. Treatment effects^ for Anabaena under varying concentrations of iron, 
manganese, and silicon 
0/100% 1/100% 5/100% 10/100% 25/100% 
Fe 0 .0001 CI .0001 0 .0001 0 .0001 0 .01 
Mn 0 .07 0 .98 0 .49 0 .12 0 .20 
Fe*Mn 0, .63 0, .40 0, .60 0 .87 0 .57 
Si 0, ,69 0, .07 0, .13 0 .01 0, .30 
Fe*Si 0. ,50 0, .06 0, .46 0, .08 0, .28 
Mn*Si 0. 08 0', .88 0. 95 0. .08 0. 69 
D 0. ,20 0, .0001 0. 007 0. 40 0. 08 
C(D) 0. ,62 0. 02 0. ,19 0. ,87 0. ,50 
Fe*D 0. ,001 0, ,003 0. 20 0. ,84 0, 26 
Mn*D 0. 58 0. ,01 0. 93 0. 95 0. 41 
Fe*Mn*D 0. 90 0. ,01 0. 80 0. 63 0. 81 
Si*D 0. 13 0. 18 0. 31 0, 33 0. 18 
Fe*Si*D 0. 42 0. 78 0. 19 0. 85 0. 48 
Mn*Si*D 0. 73 0. 11 0. 16 0. 99 0. 98 
i?Gio ^ 0. 0001 0. 0001 0. 0001 0. 01 0. 27 
R2 0. 94 0. 95 0. 92 0. 76 0. 56 
*P<0.0036. 
Table 9- Growth of Fragliarla (cell;;-ml In the presence of Anabaena under varying concentra­
tions of iron, manganese, cind silicon 
Low/High^ Block^' fms^ FmS FMs fMS Fms fmS fMs FMS 
0/100 A 39900 5400 39900 26600 39900 7560 33250 385700 
6650 30240 133000 99750 133000 3240 73150 345800 
B 28080 6650 46550 79800 6650 5400 39900 372400 
37800 73150 39900 159600 19950 3240 46550 299250 
1/100 A 11800 59850 66500 93100 46550 73150 66500 226100 
43200 232750 26600 79800 46550 59850 53200 285950 
B 33250 239400 13300 73150 33250 219450 79800 212800 
33250 325850 46550 166250 59850 73150 33250 312550 
5/100 A 59850 352450 66500 146300 99750 53200 46550 332500 
86450 272650 46550 106400 39900 106400 66500 312550 
B 66500 292600 26600 93100 19950 232750 46550 319200 
33250 305900 39900 146300 53200 106400 33250 325850 
10/100 A 13300 26600 53200 39900 53200 6650 59850 206150 
79800 199500 59850 33250 33250 79800 59850 166250 
B 39900 339150 66500 26600 26600 106400 39900 246050 
46550 319200 59850 113050 26600 73150 46550 152950 
25/100 A 93100 252700 106400 252700 126350 113050 99750 206150 
79800 59850 159600 86450 106400 99750 86450 332500 
B 33250 285950 99750 166250 53200 259350 73150 339150 
66500 119700 79800 272650 93100 339150 86450 325850 
^Ratio of percentage of low concentration of nutrient(s) to percentage of high concentra­
tion of nutrient (s). 
^Two replicates per block per fzctorial. 
^Lower case letter—low concentration; capital letter—high concentration. 
Table 10. Treatment effects^ for Fragllarla grown in the presence of Anabaena under varying 
concentrations of iron, manganese, and silicon 
0/100% 1/100% 5/100% 10/100% 25/100% 
Fe 0.03 0.05 0.006 0.02 0.14 
Mn 0.01 0.33 0.83 0.30 0.07 
Fe*Mn 0.0002 0.33 0.84 0.64 0.37 
Si 0.0002 0.0001 0.0001 0.02 0.0001 
Fe*Si 0.16 0.04 0.0004 0.02 0.70 
Mn*Si 0.003 0.95 0.41 0.50 0.75 
D 0.86 0.36 0.22 0.17 0.74 
C(D) 0.50 0.24 0.70 0.70 0.35 
Fe*D 0.40 0.60 0.30 0.81 0.48 
Mn*D 0.85 0.16 0.60 0.25 0.83 
Fe*Nn*D 0.82 0.80 0.41 0.75 0.89 
Si*D 0.43 0.18 0.02 0.09 0.007 
Fe*Si*D 0.49 0.61 0.79 0.96 0.60 
Mn*Si*D 0.67 0.88 0.37 0.26 0.26 
logio Y 0.001 0.003 0.0001 0.07 0.01 
0.83 0.81 0.90 0.67 0.76 
*P<0.0036. 
28 
random difference occurring. There was very little difference between 
Fragilaria growing alone and in the presence of Anabaena. Silicon 
significantly affected the growth of Fragilaria grown in the presence 
of Anabaena and there were isolated significant interactions 
2 (P<0.0036), but these certainly did not indicate trends. The R 
terms were much lower, in some cases nearly reaching the low 
correlations in Anabaena growing alone. 
Table 11 lists the final concentrations of Anabaena grown in 
the presence of Fragilaria, and Table 12 lists the probabilities of 
a random difference occurring. Again, there was very little 
difference between Anabaena growing alone and in the presence of 
Fragilaria. The levels of iron significantly affected the growth 
of Anabaena grown in the presence of Fragilaria. There were no 
2 
other discernible trends. The R terms were slightly lower for the 
0/100% and 1/100% comparisons and slightly higher for the 10/100% 
and 25/100% comparisons. 
2 
Further Experimentation with Fragilaria to Reduce the R Terms 
2 
The R terms for Anabaena decreased rapidly at the 10/100% and 
2 
25/100% comparisons while the R terms for Fragilaria remained 
extremely high at all comparisons. It was hypothesized that the 
2 
R term decreased when the nutrient levels reached concentrations 
that resulted in the model no longer fitting as well, even at 
concentrations that resulted in significant differences. This 
occurred between the 5/100% comparison and the 10/100% for Anabaena, 
Table 11. Growth of Anabaena (cells-ml in the presence of Fragilaria under varying concen­
trations of iron, mangane£;e;, and silicon 
Low/High^ Block^ fms^ PmS FMs fMS Fms fmS fMs FMS 
0/100 A 106400 259350 126300 46550 325850 78840 26600 106400 
46550 2992:50 365750 13300 279300 18360 13300 86450 
B 2160 1197 00 133000 26600 199500 28080 33250 113050 
28080 206150 512050 13300 246050 33480 6650 66500 
1/100 A 2160 113050 252700 19950 172900 39900 26600 99750 
55080 325850 139650 26600 718200 53200 59850 73150 
B 79800 66500 498750 6650 392350 6650 126350 39900 
79800 179550 219450 19950 239400 19950 46550 99750 
5/100 A 73150 3458 00 272650 39900 212800 26600 6650 199500 
73150 219450 252700 19950 418950 33250 19950 312550 
B 73150 113050 226100 13300 113050 6650 6650 66500 
79800 133000 166250 13300 246050 19950 6650 99750 
10/100 A 86450 305900 206150 99750 226100 66500 26600 179550 
53200 319200 239400 39900 332500 139650 53200 146300 
B 66500 212800 113050 19950 226100 26600 86450 206150 
59850 312550 246050 26600 485450 6650 126350 53200 
25/100 A 119700 179550 159600 113050 252700 166250 53200 166250 
33250 538650 139650 6650 299250 166250 146300 392350 
B 46550 259350 93100 53200 53200 59850 66500 259350 
59850 252700 279300 59850 73100 53200 46550 285950 
^Ratio of percentage of low concentration of nutrient(s) to percentage of high concentration 
of nutrient(s). 
^Two replicates per block per factorial. 
^Lower case letter—low concentration; capital letter—high concentration. 
Table 12. Treatment effects^ for Anabaena grown in the presence of Fragllaria under varying 
concentrations of iron, manganese, and silicon 
0/100% 1/100% 5/100% 10/100% 25/100% 
Fe 0.0001 0.0001 0.0001 0.0001 0.0002 
Mn 0.79 0.56 0.0005 0.10 0.53 
Fe*Mn 0.17 0.30 0.004 0.09 0.40 
Si 0.09 0.007 0.03 0.04 0.21 
Fe*Si 0.73 0.63 0.92 0.36 0.17 
Mn*Si 0.43 0.25 0.003 0.75 0.18 
D 0.10 0.96 0.0003 0.06 0.20 
C(D) 0.56 0.51 0.001 0.80 0.16 
Fe*D 0.33 0.67 0.58 0.36 0.78 
Mn*D 0.19 0.89 0.70 0.34 
o
 
d
 
Fe*Mn*D 0.66 0.49 0.74 0.06 0.88 
Si*D 0.54 0.01 0.06 0.005 0.42 
Fe*Si*D 0.27 0.15 0.89 0.03 0.60 
Mn*Si*D 0.35 0.50 0.86 0.94 0.68 
Y 0.001 0.003 0.0001 0.0001 0.03 
0.83 0.80 0.96 0.88 0.77 
^P<0.0036. 
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but did not occur even at the 25/100% comparison in Fragilaria. 
Therefore, another experiment was conducted at 50/100% and 75/100% 
comparisons for Fragilaria. Table 13 lists the final concentrations 
of Fragilaria, and Table 14 lists the probabilities of a random 
2 difference occurring. Inspection of the R terms reveals that, in 
fact, they did decrease greatly, to levels comparable to Anabaena 
at lower comparison levels. It should also be noted that there 
were no significant effects at these higher concentrations (P<0.0036), 
indicating that the alga was not limited by the low concentration 
of nutrients when compared to the high concentration of nutrients. 
Refined Nutrient Studies With Fragilaria and Anabaena 
Using Iron and Silicon Only 
As mentioned earlier, Fragilaria was significantly affected by 
silicon, and Anabaena was significantly affected by iron. Although 
there were no other discernible significant trends (P<0.0036), 
inspection of Tables 6 and 8 seems to indicate an effect by iron on 
Fragilaria and an effect by silicon on Anabaena. This could not be 
assumed, for reasons stated earlier, i.e., use of only two 
replicates and confounding of the factorial, resulting in a very 
strict level of siguificance (r<0.G03ô). Also, one of the intentions 
of this research project was to evaluate the use of Anabaena and 
Fragilaria as bioassay organisms. Analysis of the data suggested some 
non-linearity from comparison to comparison, but this could not be 
verified. 
Table 13. Growth of Fragllarla (eel].»«ml under varying concentrations of Iron, manganese, and 
silicon 
Low/High^ Block^ fms^ FdiS FMs fMS Fms fmS fMs FMS 
50/100 A 126350 558600 73150 53200 179550 239400 312550 292600 
99750 232750 252700 186200 319200 106400 152950 259350 
B 192850 532000 252700 159600 219450 226100 166250 179550 
226100 472150 239400 379050 179550 305900 166250 332500 
75/100 A 152950 292600 372400 252700 246050 285950 532000 518700 
119700 478&00 93100 86450 279300 199700 126350 352450 
B 113050 538650 79800 438900 186200 339150 379050 272650 
133000 518700 239400 339150 86450 226100 139650 239400 
^Ratlo of percentage of low concentration of nutrient(s) to percentage of high concentration 
of nutrient(s). 
^Two replicates per block per fsctorlal. 
^Lower case letter—low concentration; capital letter—high concentration. 
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Table 14. Treatment effects^ for Fragllarla under 
varying concentrations of iron, 
manganese, and silicon 
50/100% 75/100% 
Fe 0.03 0.24 
Mn 0.28 0.73 
Fe*Mn 0.35 0.16 
Si 0.10 0.01 
Fe*Si 0.17 0.18 
Mn*Si 0.23 0.34 
D 0.09 0.98 
C(D) 0.18 0.43 
Fe*D 0.39 0.15 
Mn*D 0.90 0.95 
Fe*Mn*D 0.54 0.54 
Si*D n. 52 0.13 
Fe*Si*D 0.35 0.64 
Mn*Si*D 0.96 0.65 
Icgio Y 0.18 0.23 
0.60 0.58 
*P<0.0036. 
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To investigate the possibility that non-significant trends 
could be significant under more tightly controlled conditions and 
to better determine the limitations in use of these two algae as 
research organisms, the 5/100% comparison was repeated with certain 
modifications. For this series, the number of replicates was 
increased from two to three; the confounding was removed by performing 
each entire duplicate experiment in one day and the duplicate runs 
were performed only one day apart. Since manganese appeared to have 
no significant effect on either Fragilaria or Anabaena, it was 
2 
removed, leaving a 2 factorial. Both duplicates were identical, 
the only difference being that the algal cultures were one day 
older in the second duplicate. Because of the relatively tighter 
control and the reduced number of effects, it was deemed appropriate 
to use P<0.05 as the level of significance. 
Table 15 lists the final population densities of both Fragilaria 
and Anabaena, alone and in the presence of the other. Table IG 
lists a condensation of the initial research for the 5/100% comparison 
2 
from Tables 6, 8, 10, and 12. as well as the information from the 2 
factorial experiment described in this section. As before, the values 
in Table 16 are the probabilities of a random difference occurring. 
The results are listed as both separate duplicates and with the 
duplicates analyzed together. The models were described earlier in 
the Materials and Methods section. 
Table 15. Growth of Fragllaria and Anabaena (cells.ml both alone and together, under 
varying concentrations of iron and silicon 
Alga Alga Alone 
(cells'ml 1) Algae Together (cells-ml"!) 
Block 1^ Block 2 Block 1 Block 2 
Fragllaria fs^ 66500 139650 119700 119700 
106400 66500 86450 79800 
133000 152950 119700 119700 
Fs 133000 113050 99750 119700 
126350 312550 159600 126350 
13 9650 93100 106400 126350 
fS 99750 332500 139650 126350 
551950 259350 119700 219450 
25 9350 206150 179550 246050 
FS 611800 631750 485450 611800 
512050 445550 485450 219450 
565250 738150 359100 332500 
Anabaena fs 33250 126350 86450 73150 
33250 73150 79800 46550 
66500 46550 53200 46550 
Fs 86450 212800 93100 139650 
5 3200 152950 199500 119700 
126350 159600 93100 79800 
fS 86450 66500 33250 53200 
8 6450 93100 33250 152950 
146300 59850 86450 19950 
FS 119700 179550 146300 119700 
219450 139650 93100 53200 
93100 199500 126350 106400 
^Three replicates per block per factorial. 
^Lower case letter—low concentration; capital letter—high concentration. 
Table 16. Treatment effects condensed from Tables 6, 8, 10, and 12 compared to treatment 
effects for Anabaena smd Fragllarla under varying concentrations of iron and 
silicon only 
Frag.* Anab.^ F vfk^ A w/F^ Frag.^ A V b Anab. F w/A^ A w/F^ 
General SurA) Iron and Silicon Only (Dupl. Combined) 
Fe 0.13 0.0001 0.006 0.0001 0.007 0.0002 0.002 0.003 
Si 0.0001 0.13 0.0001 0.03 0.0001 0.03 0.0001 0.41 
Fe*Si 0.14 0.46 0.0004 0.92 
D 0.88 0.007 0.22 0.0003 0.62 0.05 0.90 0.53 
CCD) 0.003 0.19 0.7 0 0.001 
Fe*D 0.27 0.20 0.2 0 0.58 0.95 0.21 0.47 0.71 
Si'tD 0.06 0.31 0.02 0.06 0.87 0.02 0.93 0.77 
Y 0.0001 0.0001 0.0001 0.0001 0.0001 0.0004 0.0002 0.06 
R2 0.93 0.92 0.50 0.96 0.73 0.69 0.72 0.42 
Dupl. #1 (Iron and Silicon Only)^ Dupl. #2 (Iron and Silicon Only)^ 
Fe 0.07 0.07 0.001 0.01 0.06 0.001 0.07 0.12 
Si 0.002 0.02 0.0002 0.35 0.002 0.86 0.003 0.76 
Fe*Sl 0.35 0.39 0.003 0.35 0.31 0.92 0.27 0.74 
Y 0.008 0.04 0.0001 0.05 0.007 0.01 0.01 0.41 
r2 0.75 0.64 0.92 0.61 0.76 0.75 0.75 0.29 
^Fragllaria. 
^Anabaena. 
^Fragllarla grown in the presence of Anabaena. 
^Anabaena grown in the presence of Fragllarla. 
^P<0.0036 
fp<0.05. 
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In this follow-up series of experiments, iron remained a signifi­
cant nutrient for Anabaena growing alone and in the presence of 
Fragilaria, but, in this case, it was also of significance for 
Fragilaria growing alone and in the presence of Anabaena. This was 
not the case in the initial series of experiments. 
Levels of silicon again significantly affected the concentration 
of Fragilaria growing alone and in the presence of Anabaena. In 
this case, however, the effects of silicon were opposite from the 
initial experiment in which Anabaena was grown alone and in the 
presence of Fragilaria. In this case, Anabaena growing alone was 
significantly affected by silicon while Anabaena growing in the 
presence of Fragilaria was not. There is a mitigating factor that 
must be noted, however. The D and Si*D effects for Anabaena growing 
alone were significant (P<0.05), indicating that there were signifi­
cant differences in the effect of silicon on Anabaena in a matter of 
one day. Inspection of Table 16 reveals the probability in the first 
duplication to be 0.02, while in the second duplication it was 0.86, 
a very large difference. This suggests that Anabaena may be 
extremely unreliable as a research organism in studying silicon 
2 
nutrient dynamics. It should also be noted that the R terms were 
lower in the follow-up experiment than in the initial experiments. 
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DISCUSSION 
Although several studies of algal or nutrient interactions have 
been reported, these studies usually involved either two algae under 
one nutrient stress or one alga under two nutrient stresses (Boyd, 
1973; Lange, 1974b; Tailing, 1957). No studies of a blue-green alga 
and a diatom growing together under three nutrient stresses have been 
identified. The major objective in this approach is to more nearly 
approximate conditions found in the natural environment, where 
blue-green algae and diatoms most commonly dominate freshwater 
habitats. The major disadvantages to this approach are the 
complexity of the experiment design and the enumerating of algal 
concentrations by counts. This is very time-consuming but an 
unavoidable procedure when two species of algae are grown together. 
The research reported in this dissertation was designed to 
investigate four questions: (a) What are the effects of deletions 
of iron, manganese, and silicon on algal growth?, (b) Are there 
interactions among these three nutrients?, (c) Are there interactions 
between these two algae?, and (d) How suitable are Fragilaria and 
Anabaena as bioassay organisms? The first series of experiments 
was iriterided to provide a general survey of bi-algal responses to 
interactions among the three nutrients. The last series specifically 
investigated responses of a bi-algal culture to iron and silicon. 
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In developing the experimental design for this study, several 
fundamental decisions were made concerning the organisms and condi­
tions to be employed. Natural cultures of algae rather than axenic 
(bacteria-free) cultures were selected as the test organisms. Axenic 
cultures have been used extensively in studies of algal ecology for 
years, but researchers have begun to recognize problems inherent in 
their use, and the more recent tendency has been to maintain test 
organisms as close to their natural state as possible (Ahlgren, 1977; 
Caldwell and Caldwell, 1978; Darley e^ al., 1979; Giesy, 1976; 
Mayfield and Inniss, 1978; Moss, 1972; Paasche, 1973). Changes in 
morphology (Healey, 1973; Provasoli and Pintner, 1972) and changes 
in physiology (Caperon and Smith, 1978; Lewin and Mackas, 1972; 
Nalewajko e^ al., 1976; Thomas e^ al., 1978; Tilman and Kilham, 1976) 
occur when algae are placed in axenic culture. 
The potentially largest problem is a change in the bacterial 
flora which might affect the growth and physiology of the algal 
culture. It was decided that cultures from freshly isolated algal 
specimens would be less afflicted by this problem. The morphologies 
of the algal cultures were identical to natural populations. Despite 
these precautions, it is necessary to keep in mind that any laboratory 
study may not be directly applicable to organisms living in natural 
bodies of water, although the results should more closely approximate 
the natural state when bacterized, rather than axenic, cultures are 
used. 
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In selecting an appropriate growth medium for the study, the 
question of chelation was an important factor. Normally Zehnder-
Gorham //II medium contains EDTA (Zehnder and Gorham, 1960), but for 
this research it was excluded. The major reason for this action was 
the fact that EDTA is an extremely powerful chelator (Wong e^ , 
1978) and, as such, would strongly affect availability of the 
nutrients under study. It is uncertain whether EDTA functions by 
chelating iron, bringing it into solution, or by chelating copper and 
keeping it below toxic concentrations (Jackson and Morgan, 1978). 
Davies (1978) recommended avoiding the use of chelators unless their 
actions were being investigated. However, citrate was left in the 
medium to act as a weak chelator, on the order of organic chelators 
normally found in natural bodies of water (Theis and Singer, 1973). 
Studies of nutrient interactions are numerous (Conway and 
Williams, 1979; Goldman, 1972; Guthrie et , 1977; Lane and Levins, 
1977; G'Siieci and mucy, 1978; Planas and Healey, 1978; Thomas and 
Dodson, 1974). One of the most commonly reported interactions is 
between nitrogen and phosphorus (Glooschenko and Alvis, 1973; Jordan 
and Bender, 1973; Schelske et al., 1974; Shubert, 1978). Stoermer 
et al. (1978) found no interaction between phosphorus and nitrogen 
but did find an interaction between phosphorus, trace metals, and 
vitamins. There have been several reports of interrelationships 
between nutrients and temperature (Fisher and Wurster, 1973; Knowles 
and Zingmark, 1978; Patrick, 1969). Allen (1972) reported that all 
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the micronutrlents added together elicited a greater response than 
that for any single nutrient. Carter and Cameron (1973) reported 
that lead toxicity was reduced in hard water while mercury toxicity 
was greater in the same water. Christensen et (1979) found 
synergism between manganese and copper and antagonism between 
manganese and lead. Li (1978) reported that the effects of cadmium 
were less severe at higher nitrate levels. Shapiro and Glass (1975) 
reported that Fragilaria grew much better when manganese and phosphate 
were both present than was the case for the arithmetic sum of these 
nutrients separately, indicating a synergistic effect. 
There are several reports of algal interactions in the literature 
(Reed, 1978; Rice and Ferguson, 1975). Mickelson et al. (1979), in a 
multispecies study of diatoms, reported that Thalassiosira was 
rapidly replaced by either Chaetoceros or Skeletonema. They 
hypothesized that Thalassiosira survived under natural conditions by 
being more erficient ac dark uptake or nucrienrs than either of the 
other two diatoms. Tilman (1977) grew two diatoms together and noted 
that Cyclotella dominated when silicon was limiting and Asterionella 
dominated when phosphorus was limiting. 
The current research, utilizing Anabaena and Fragilaria, did not 
demonstrate significant interactions among nutrients in either the 
general survey or the final series with iron and silicon only. 
Analysis of the latter series of experiments revealed iron to be 
required by Fragilaria and Anabaena, both alone and together. This 
42 
was already firmly established in the literature. The requirement 
of silicon by diatoms is also firmly established, but the requirement 
by Anabaena growing alone for silicon has never been reported before. 
Silicon is not considered a required nutrient, excepting for diatoms 
and a few algae with siliceous walls. Mitigating this finding, of 
course, was the interaction of silicon and time for Anabaena growing 
alone. The large differences in probabilities of random differences 
between the two duplicates (0.02 and 0.86) demonstrate a need for 
great caution when analyzing these data. Clearly, further experimen­
tation will be required before the temporal relationship between 
Anabaena and silicon is elucidated. 
However, assuming silicon is a required nutrient for Anabaena 
growing alone, as was found in the latter series of experiments when 
the two duplicates were analyzed together, there does seem to be an 
interaction between the two algae. This is based on the fact that 
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concentrations, while Anabaena growing in the presence of Fragilaria 
was not affected by these same differences in concentrations. This 
is a very puzzling response, as both the blue-green alga and the 
diatom are utilizing silicon in the bi-algal culture. Again, the 
large changes in response with time must be investigated further. 
Such changes have been reported by several other researchers (Morel 
e^ , 1978; Mukerji et » 1978; Nelson and Brand, 1979). Clearly, 
the suitability of Anabaena spiroides as a bioassay organism must be 
viewed with caution. 
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The use of two further nutrient comparisons for Fragliaria 
(50/100% and 75/100%) confirmed the hypothesis that the closer 
together the ratio of the low concentration to the high concentration 
of nutrients, the less well the model fits the data, as reflected in 
2 
the decreasing R terms. Intuitively, as the ratio approaches one, 
2 
the model will not fit at all, resulting in a very low R term. 
Further proof of this is the lack of significant effects that 
2 
paralleled the low R terms, suggesting these effects were no longer 
contributing toward the fit of the model. 
3 
As a research design, a 2 factorial seems to be of value, 
although it does result in the need for a stricter level of 
significance. It can provide trends to be investigated in greater 
2 2 
detail in a 2 factorial. From a practical point of view, the 2 
factorial allows for a greater number of replicates, thus increasing 
the precision and permitting a less strict level of significance. It 
seems entirely plausible that a 2" factorial would be extremely useful 
in sublethal toxicity studies using one species of algae and three 
toxic compounds, such as arsenic, cadmium, and selenium. By comparing 
a control to sublethal doses, synergistic effects would be apparent. 
The great advantage of a factorial is that it allows for multiple 
analyses with a minimum number of flasks. 
The long-term perspective of most, if not all, algal nutrient 
studies is to attempt further elucidation of what Hutchinson (1961) 
called the "paradox of the plankton". This paradox is the question 
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of how so many different species of algae can exist in a relatively 
homogeneous environment. While the differences in morphology and 
physiology are clear between different phyla of algae (such as the 
presence of valves in diatoms or the excretion of siderochromes by 
a blue-green alga), it is much less clear why there are so many 
different genera of diatoms, almost all with basically the same 
morphology. The most widely accepted theory accounting for species 
diversity among algae involves the kinetics of nutrient uptake, which 
seem to differ from alga to alga (Tilman, 1977). Kilham (1971) 
suggested that as different nutrients become exhausted, different 
species of algae will dominate, maintaining overall homeostasis. 
Hutchinson (1961) suggested that synergism was also important. 
This research has confirmed the differing nutrient requirements 
by different species of algae and has suggested that algal interactions 
may also help control the distribution of algal species in natural 
budies ul water. 
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CONCLUSIONS 
Iron is a required nutrient for both Anabaena and Fragilaria, 
growing alone and together. Silicon is a required nutrient for 
Fragilaria growing alone and in the presence of Anabaena. Silicon 
may be a required nutrient for Anabaena growing alone but was not 
required for Anabaena growing in the presence of Fragilaria. This 
indicates the possibility of an interaction between the two algae 
in the presence of silicon. There was a time-dependent uptake of 
silicon by Anabaena, indicating Anabaena may be a poor organism to 
consider for bioassays. Fragilaria did not show this time-dependent 
behavior and appears to be an excellent bioassay organism. No 
significant nutrient interactions were discerned. 
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